The synthesis and export of aerolysin, an extracellular protein toxin released by the gram-negative bacterium Aeromonas hydrophila, was studied by pulse-labeling with [35S]methionine. The toxin was synthesized as a higher-molecular-weight precursor. This was processed cotranslationally, resulting in the appearance within the cell of the mature protein, which was then exported to the supernatant. Precursor also carried out in which chloramphenicol (20 or 100 jig/ml) was added to pulsed cells after a specific period, and the amount of radioactivity incorporated into hot 10% trichloroacetic acid-precipitable material was compared with that of noninhibited cells.
Members of the family Enterobacteriaceae do not generally export soluble proteins; however, many other gram-negative bacteria do, including members of the Vibrionaceae and the Pseudomonaceae. Proteins released to the extracellular environment by these bacteria must cross both the inner and outer membranes during their export. Very little is known of how this occurs, despite an increasingly detailed understanding of the mechanism of secretion of proteins across the cytoplasmic membranes of eucaryotes and procaryotes (17) . Most if not all of these proteins are synthesized with amino-terminal sequences (signal sequences) that are required for at least the initiation of the translocation process. These sequences are cleaved from the precursor proteins either co-or posttranslationally (9) .
Clearly, however, a typical leader sequence would not be sufficient to cause selective export of a protein across the double membrane of a gram-negative bacterium. A mechanism must exist so that soluble proteins destined for the periplasm can be differentiated from those destined for the extracellular environment. It is conceivable that an extracellular protein could cross both membranes at once at zones of adhesion, and this has been hypothesized for the export of exotoxin A by Pseudomonas aeruginosa (12) . Alternatively, proteins could cross one membrane and then the other en route to the extracellular medium. There is genetic evidence that the hemolysin exported by a number of Escherichia coli strains follows such a pathway (18) .
We have been studying the extracellular export of the hole-forming cytolysin aerolysin by Aeromonas hydrophila, a member of the family Vibrionacae (6) . In a previous report, we described the properties of several pleiotropic export mutants (7). Proteins normally found in the extracellular supernatant of wild-type cells are isolated with the periplasm of the mutants, suggesting either that the periplasm is normally part of the export route or that the proteins have been diverted there as a result of the defects in extracellular export. Wretlind and Pavlovskis (20) Fig. 6 , in which each sample represented 125 Rl.
Immunoprecipitations. After the addition of bovine albumin to a final concentration of 250 ,ug/ml, the samples were immunoprecipitated essentially as described by Ito et al. (8) , except that after boiling in 1% sodium dodecyl sulfate, they were diluted with 4 volumes of 1.25% Triton X-100-190 mM NaCl-60 mM Tris-hydrochloride (pH 7.4) containing 6 mM EDTA, as described by Anderson and Blobel (1) . Bovine albumin (1 mg) was added to each sample, followed by 20 Each assay contained 0.9 ml of 25 puM PADAC in 20 mM Tris-hydrochloride (pH 8.0) and 100 p.1 of sample, and the decrease in absorbance at 572 nm was monitored with a Gilford recording spectrophotometer. Units are defined as nanomoles of substrate hydrolyzed per minute at 30°C. Glutamate dehydrogenase was used as the cytoplasmic marker and was assayed by means of the reductive amination of alpha-ketoglutarate by the method of Halpern and Lupo (4) . Units are expressed as nanomoles of NADPH oxidized per minute at 30°C. Control experiments were performed to insure that manipulations of the pulsed cultures (such as the addition of 20 ,ug of chloramphenicol per ml or 30 p.M CCCP) did not alter the fractionation characteristics of the cells during osmotic shock. Cells were ruptured by lysozyme-EDTA treatment followed by resuspension in cold distilled water by the method of Yamato et al. (21) .
General methods. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of immunoprecipitated samples was performed in 10% gels by the method of Neville (14) . The gels were treated with En3Hance fluorographic autoradiography enhancer (New England Nuclear Corp.), dried, and allowed to expose Kodak X-Omat AR film at -70°C, usually for 16 20 h. Radioactive protein standards were used to determine approximate protein molecular weights. The IgG fraction of rabbit anti-aerolysin serum was isolated via DE 52 anion exchange chromatography by a published procedure (10) and used in the immunoprecipitations.
RESULTS
Precursor in the synthesis of aerolysin. Repeated experiments in which cells were pulsed briefly with [35S]methionine and chased with unlabeled methionine failed to demonstrate the involvement of a higher molecular weight precursor in the synthesis of aerolysin. Cultures were therefore pulsed in the presence of the uncoupler CCCP and precipitated with anti-aerolysin IgG, and the precipitates were electrophoresed and visualized by fluorography (Fig. 1) . CCCP has been shown by others to cause the accumulation of precursors of secreted proteins, presumably by inhibiting an energy-dependent process required for translocation of nascent proteins across the cytoplasmic membrane, where they become available to signal peptidases (2) . When pulsed in the presence of increasing concentrations of CCCP, the bacteria were found to produce less and less mature aerolysin (Mr, 54,000) and instead to produce an anti-aerolysin precipitable protein (Mr, 57,000). At a CCCP concentration of 30 ,uM, this was the only form of the toxin isolated ( Fig.   1 ). This is presumably precursor aerolysin with an aminoterminal signal sequence still attached. To demonstrate a precursor-product relationship between the two forms of the toxin, cultures were pulsed in the presence of 30 p.M CCCP and then washed free of the poison (Fig. 2) . When this was done, the accumulated precursor was processed to the mature form of the protein.
There is a lag between the synthesis of aerolysin and its appearance in culture supernatants. For an estimate of both the time required for the export of newly synthesized aerolysin and the amount associated with the cell in relation to that exported, cells were pulsed with [35S]methionine for 60 s and chased in the presence of 100 p.g of methionine per VOL. 161, 1985 ml. Incubation was continued, and samples were taken at the times shown in Fig. 3 . Each sample was split into a cell pellet and a supernatant by centrifugation, and then both were immunoprecipitated. One minute after the end of the pulse, most of the aerolysin that had been completed and processed to the mature protein was still within the cells. After 6 min, the bulk of this fraction, as well as any newly completed radioactive molecules, had been exported to the supernatant, and after 10 min of chase, aerolysin could scarcely be detected in immunoprecipitates of the cell pellets. If the pulse was ended with chloramphenicol rather than methionine, all of the aerolysin was in the supernatant by 4 min (data not shown). The fact that mature aerolysin could be recovered from the cells indicates that an event beyond the maturation of the protein is required before the protein is released from the cells.
Effect of CCCP on the export of mature aerolysin. The observed delay between the appearance in the cell of mature aerolysin and its appearance in the supernatant suggests that the two membranes of the cell were being crossed in separate steps by the protein. (Fig. 4) . However, after 2 min of incubation in the presence of CCCP, a large amount of precursor could be precipitated from the culture.
Not surprisingly, the supernatant did not at any time contain any of the precursor. The results (Fig. 4) (Fig. 6, lanes 1 and 2) . When the cells were treated with lysozyme and EDTA and then disrupted by resuspension in cold distilled water, the two forms of the toxin became available to the protease and were completely digested (Fig.  6, lane 3) . For more precise localization of the two forms of the toxin entrapped in the poisoned cells, 'cultures were pulsed, treated with CCCP alone, chloramphenicol and CCCP, or cold methionine and CCCP, and then osmotically shocked; the resulting fractions were incubated in the presence or absence of proteinase K. Very little of the entrapped material was released into the shock fluid of either culture (Fig. 7A, B, and C, lanes 1 through 3) . However, when the shocked cells were incubated with proteinase K (Fig. 7A, B , and C, lanes 4 and 5), the mature aerolysin entrapped in the cells was completely digested, whereas the precursor aerolysin in the cells treated with CCCP and those treated with unlabeled methionine and CCCP was protected ( Fig. 7A and C, lanes 4). The precursor was by no means completely protected, and this may indicate that the shocked cells were lysing during the incubation with the protease. The protection of the precursor which was observed, however, demonstrated that the two forms of the toxin were in different locations in the'cell. We conclude from these results and those in Fig. 6 that the entrapped precursor aerolysin is iulation of radioacwithin the cytoplasmic compartment of the cells while the a 60-s pulse with processed aerolysin is partially translocated across the inner pulsed cultures for 1 min and added either CCCP alone or both chloramphenicol and CCCP simultaneously. The cultures were incubated a further 9 min and then immunoprecipitated (Fig. 5) . As before, the culture in which the pulse was ended with CCCP accumulated both precursor and mature aerolysin (Fig. 5, lanes 1 and 2) . However, when chloramphenicol was added with the CCCP, no precursor aerolysin was observed, the chloramphenicol stopped protein synthesis at the same time that the CCCP collapsed the proton gradient, preventing both completion of unprocessed nascent aerolysin molecules and de novo synthesis of complete precursor molecules (Fig. 5, lanes 3 and 4) . Again, a fraction of the completely synthesized and processed mature aerolysin remained in the cells after the treatment, indicating that the CCCP was preventing its release. There was, however, less of the mature aerolysin in the cells under these conditions, as chloramphenicol prevented the chain completion of cotranslationally processed nascent peptides labeled by the pulse. When cells were pulsed and then treated with the energy poison plus unlabeled methionine, only a small amount of radioactive precursor accumulated in the cells, but there was a large accumulation of labeled mature aerolysin (Fig. 5, lanes 5 and 6) . Again, this suggests chain completion of labeled cotranslationally processed nascent chains.
Location of entrapped aerolysin inside the cell. To determine where the two forms of aerolysin inhibited from leaving the cell by CCCP were located, we again incubated cultures with CCCP after a 1-min pulse and then treated them with proteinase K. Neither the precursor nor the mature aerolysin that remained in the cell under these conditions was but not the outer membrane. This material is therefore available to proteolytic digestion only when the outer membrane permeability barrier has been disrupted by osmotic shock.
Localization of aerolysin in pleiotropic export mutants. We have previously reported the isolation of at least two distinct classes of mutants of A. hydrophila that are unable to export extracellular proteins (7). Since it was possible that precursor processing was inhibited in the pleiotropic export mutants and since we wished to determine where the normally exported aerolysin accumulated, we carried out pulse-chase experiments on these strains. Two of the strains, one of which has a normal outer membrane profile (S7) and one of which is deficient in two major outer membrane proteins (S9) (see reference 7), were pulsed with radioactive methionine for 1 min and chased with unlabeled methionine for a further 9 min. The results of the experiment carried out with mutant S9 are presented in Fig. 8 . Whereas no aerolysin was exported by this strain, mature aerolysin was found to accumulate within the cells (Fig. 8, lanes 1 and 3) . To determine where this material was, we incubated samples in the presence or absence of proteinase K and with or without prior osmotic shock. The protein accumulated in the mutant was resistant to proteinase K applied to intact cells (Fig. 8,  lanes 1 and 2) . However, when the cells were subjected to osmotic shock to release the periplasmic contents (Fig. 8 , lanes 4 through 6), the aerolysin was released with approximately the same efficiency (about 60%) as were the periplasmic markers RNase and beta-lactamase (Table 1) the shock fluid and shocked cells were treated with protease, the aerolysin was digested (Fig. 8, lanes 7 and 8) . Very 5 similar results were obtained with the mutant S7 (data not shown). Thus, all of the aerolysin produced by these mutants is either released as the periplasmic fluid during osmotic shock or rendered accessible to externally applied protease by this treatment. These results indicate that aerolysin is efficiently processed and translocated across the inner membranes of the mutants and not to the surface of the outer membrane, where it would be expected to be available to the proteinase K.
5
A partially resistant fragment with a molecular weight of 52,000 is produced by digestion of mature intracellular aerolysin with proteinase K (Fig. 8, lanes 7 and 8) . We have found that treatment of aerolysin (exported by wild type) with other proteases results in the production of similar resistant fragments, and we have shown that the reduction of molecular weight occurs in vivo after release and results in the conversion of the protein from an inactive zymogen form to the active toxin (submitted for publication). (Fig.  1) , which would be expected if an energy-dependent translocation of at least the amino terminus of the precursor across the inner membrane is required before the leader is removed. Energy is apparently also needed after processing (Fig. 4) , leading to the conclusion that energy is required for the actual translocation of the protein, rather than only for the initiation or for establishing a correct orientation for that event. Neither the precursor nor mature aerolysin that is inhibited from leaving the cell by CCCP is available to externally applied proteases; however, the mature toxin is degraded when the outer membrane is first permeabilized by osmotic shock, even though it is not released from the cells by this procedure (Fig. 6 and 7) . These findings suggest that the entrapped processed form is in transit across the inner membrane. This interpretation is supported by the observation that, unlike the mature toxin accumulated in the periplasm of the mutants or released into the supernatant of wild types, which yields a protease-resistant fragment, the entrapped mature toxin is completely degraded when the cells are disrupted. The mature toxin entrapped in wild-type cells does not attain its native conformation because it remains associated with the inner membrane. These results and the observation that there is a significant lag between the completion of synthesis and the appearance of the mature protein outside the cell (Fig. 3) , indicate that translocation across the inner and outer membranes occurs in at least two steps. This conclusion is strengthened by the observations made with the pleiotropic secretory mutants. These suggest that the process of translocation of newly synthesized aerolysin across the cytoplasmic membrane is unaffected while transport across the outer membrane does not occur (Fig. 8) .
There is a formal requirement in gram-negative bacteria for a means of sorting between soluble proteins destined for the periplasm and soluble proteins destined for the extracellular environment. In addition, some mechanism must exist to allow exported proteins to cross the outer membrane. The simplest possible pathway for extracellular export would involve recognition of the protein by a receptor at zones of adhesion and co-or posttranslational movement across inner and outer membranes simultaneously. The The fate of choleragen and heat-labile enterotoxin in Vibrio cholerae and E. coli cells appears to support the concept of a two-step route of export of extracellular proteins. Choleragen is found in the supernatants of cultures of V. cholerae (3), whereas the bulk of the toxin is found within the cells of cultures of E. coli that contain a clone of the cholera toxin gene (15) . Furthermore, heat-labile enterotoxin, which is a soluble periplasmic protein in E. coli (5) , is exported by V. cholerae strains that contain an enterotoxin plasmid (13) . Although the distribution of proteins synthesized in foreign hosts may be abnormal, the extensive genetic and structural homology between cholera toxin and heat-labile toxin lessen this possibility in the experiments referred to above. It thus appears that at least in the family Vibrionaeceae, the route of export of many if not all actively secreted proteins may be a two-step process, the first of which is exactly analogous and possibly identical to the process involved in the secretion of many proteins across the cytoplasmic membrane of gram-negative bacteria. The second step in this pathway appears to be generally missing from members of Enterobacteriaceae, except in strains that export a hemolysin (18) .
Perhaps the most difficult process to imagine in any two-step model of protein export is how proteins cross the rather inert, rather rigid outer membrane. It seems most unlikely that any protein, once released and soluble in the periplasm, could spontaneously separate itself from other proteins in the periplasm and penetrate and cross the outer membrane. A more appealing scenario is that proteins destined for export remain associated with the outside of the inner membrane after translocation and processing and that they are somehow moved to specific export sites (perhaps zones of adhesion) where they cross the second barrier. Another possibility is that proteins bound for the exterior are packaged into membrane vesicles at the inner membrane and released into the extracellular fluid after fusion with the outer membrane. Understanding of the actual route taken must await identification of additional components of the export machinery of the cell.
